Abstract. This paper is focused on the analysis and design of an electric bus, powered by fuel cell and solar modules. The system uses a 400 V DC bus, interconnected by electronic converters with photovoltaic modules, batteries, ultracapacitors, fuel cell, electrolyzer, propulsion engines and conditioning devices. This arrangement allows the energy exchange between devices in an optimal way, allowing also the recovery of braking energy via the inverter, to charge batteries and ultracapacitors, or to generate hydrogen using the electrolyzer.
Introduction
Nowadays a new concept in urban public transport gets more and more interest in order to satisfy the energy needs of this sector, with high efficiency, reduced harmful emissions and diversification of fuel use. In this context, fuel cell is a very interesting device. It satisfies the above requirements and adds its quiet operation, modular nature and low maintenance. In recent years, various types of fuel cell buses using different propulsion systems and strategies for energy management have been researched and developed [1] [2] .
Thus, the Clean Urban Transport for Europe (CUTE) pilot project was carried out by DaimlerChrysler and financed by the European Commission. The project's aim was to demonstrate and evaluate the new technology used by Citaro fuel cell buses, including hydrogen fuel infrastructure. In this project, 27 buses in nine cities (Amsterdam, Barcelona, Hamburg, London, Luxembourg, Madrid, Porto, Stockholm and Stuttgart) were evaluated. In each city, 3 buses were operating in a period of twenty four months. The bus that operated in From the analysis of the CUTE project results, it is noteworthy that efficiency, reliability and durability of fuel cells have surprised the institutions that covered the project. Therefore, they decided to extend the experience with the project HyFLEET: CUTE. The project brought together 31 participants, including Iceland, Australia and China [3] .
In this paper, aspects related to the design of a fuel cell based bus are presented, covering characteristics of the different components and design criteria.
Clean fuels and propulsion systems for transport
Since years ago, the EU has been trying to promote the use of biofuels as substitutes for diesel or petrol for transport. As a result, the Directive 2003/30/EC [4] was developed in 2003, to promote the use of biofuels. This Directive requires all EU members to ensure that before December 31 st , 2010, at least 5.75% of transport fuels will be biofuels. There are several reasons for promoting the use of biofuels, which include: 1) Reduce the energy dependence of the European Union countries. 2) Stabilize prices of fossil fuels.
3) Reduce emissions of greenhouse gases. 4) Promote demand for agricultural products.
Among the different existing fuel options, the parameter used to compare alternative fuels to gasoline and diesel, is the price per unit of energy, in terms of LHV.
Currently, due to the state of technology development and costs associated with production, the consumption of biofuels is not yet cost-effective [5] . On the other hand, it should be noted that in some European countries, which have a strong primary sector, a high percentage of raw materials used to produce biofuels is imported. This fact calls into question the aim of the European Directive mentioned above, to reduce dependence on foreign energy. So, hydrogen can be an alternative to gasoline, diesel and biofuels for the automotive sector. Depending on the energy cost and process efficiency, there are several options which allow that the cost of generating hydrogen by electrolysis could be feasible, without subsidies or tax exemptions.
Regarding the use of hydrogen as an automotive fuel, it can be used in fuel cells. In this case, efficiency in a PEM fuel cell may be around 42% at nominal power, in terms of LHV [6] . Also, hydrogen can be used in internal combustion engines, but in this case the maximum efficiency in terms of LHV is 27% [5] . Figure 1 shows the options of using hydrogen as fuel in an electric vehicle, using a fuel cell or an internal combustion engine. Considering these two options, a comparative analysis of different performance criteria is exposed, in order to make a choice between the two alternatives. Table I shows the selection criteria, a brief description of them and the weight assigned in order of significance. Table II shows the numerical value assigned to each of the two technologies, in different criteria, depending on the advantages and disadvantages that affect each alternative. 
Structure of the fuel cell bus
Considering standards, properties, advantages and disadvantages of different modes of propulsion in urban public transport, an alternative design of an electric bus is exposed. This bus will work with fuel cells and solar panels.
The fuel cell is the essential device for the electrical generation applied to the electric bus. This fuel cell has to provide the most of the power required by electric drive motors of the bus and auxiliary control and conditioning devices.
Additionally, fuel cells used in transport require some special features, such as: small start-up times, high efficiency, high energy density and a good response to the change in power demand. In this case, the PEM fuel cell is best suited to meet these requirements. Figure 2 shows the block diagram of the components that constitute the generation system and power management for bus propulsion. The block diagram is made up of the following devices: The different devices are interconnected through a DC bus. This DC bus allows adapting and exchanging energy between different devices. Below, the allowed energy flows in the system are listed:
• Fuel cell feeds mainly the electric load, i.e. the traction electric motors and auxiliary equipment.
• Ultracapacitors are responsible for supplying power during peaks of the bus start-up and storing energy recovered from regenerative braking.
• Battery will support the system in case of high demand, high load bus and uphill stretch.
• These batteries can be recharged externally when the bus is idle, thereby reducing the consumption of hydrogen, or by the fuel cell when the bus does not demand high load.
• PV modules feed to electric loads and batteries.
• Electrolyzer will be powered by photovoltaic modules if the bus is stopped, in case that batteries and ultracapacitors are charged. 
Description of components
Following, general characteristics of some devices are included.
A. Fuel cell
The PEM fuel cell used is a Ballard HD6 Velocity™ that is specifically designed for electric drive buses. Figure 4 shows the access terminals for different products as well as control signals for the mentioned model. Its main characteristics appear in Table IV . Fig. 4 . Velocity FC HD6 access terminal Table IV . Ballard Velocity HD6™ characteristics [7] The integration of the fuel cell in the system requires knowledge of the characteristic curves that define the behaviour of this device. These curves are made at Beginning Of Life (BOL) of the product. Figure 5 shows the polarization curve of the HD6 ™ fuel cell. It can be observed that as the load current is increased, the output voltage is decreased. Therefore is necessary to install a DC/DC converter to make stable the fuel cell output voltage.
Thus, a 150 kW PEM fuel cell has been chosen, which presents two relevant features in operation. The first one is when the fuel cell is working with no load, this allows to quantify the auxiliary devices power consumption, in this case 10.8 kW. The second relevant feature corresponds to the nominal power of 150 kW. [8] Additionally, in the analysis of hydrogen consumption versus fuel cell electric power, it can be observed that 150 kW of rated power corresponds to about 2 g/s of hydrogen consumption. Regarding to air consumption at rated power, it is about 130 g/s (Figures 6 and 7) . 
B. PV modules
In relation to the photovoltaic modules located on the roof of the bus, they take up an area of 20.4 m 2 . The program PVGIS has been used to evaluate the energy extracted from these photovoltaic modules, in a year, in different locations. The PV module used in the system is a IS-180 model manufactured by Isofoton, whose major characteristics are defined in Table V.   Table. V. Isofoton IS-180 characteristics [9] Taking into account the available surface and the used area by each module, 15 modules can be installed, obtaining a peak power of 2.7 kW. Installation is performed in two parallel branches to avoid overcoming of DC bus voltage system, designed to 400 V. Figure 8 shows the evolution of monthly average electrical production of the PV system, during a year, in the city of Bilbao (Spain). Acquired data for the city of Bilbao indicate that a amount of 3012 kWh can be obtained from the photovoltaic modules. If this energy is used to feed the load or recharge the batteries, could be saved about 161 kg of hydrogen.
C. Lithium-ion batteries
In some situations, for example when the bus drives through a very steep ramp, an extra supply of power to the electric traction system will be needed. Thus, this bus is designed with batteries that can deliver 50 kW during two hours.
There are commercial lithium-ion batteries that meet the design requirements. The battery used is the model U27-12XP U-Charge XP Series, by Valance manufacturer, whose characteristics are shown in Table VI . These batteries have nominal capacity of 138 Ah and nominal voltage of 12.8 V. Besides, they are connected in two parallel branches of 27 devices, in order to not exceeding the rated DC bus voltage and being able to reach the desired capacity. Additionally in the choice of battery, the discharge characteristic as a function of the discharge capacity (C-rate) has to be considered. This feature provides information on battery voltage according to the percentage of energy stored (Figure 10 ). Fig. 10 . Discharge performance of U27-12XP battery Finally, these batteries must be controlled and monitored to prevent overheating. This way, their useful life can be increased. It must be keep in mind that these batteries should not be charged or discharged over 1C, as it may cause overheating in the batteries. The unit responsible for carrying out this task is the charge controller.
Battery voltage (V)
There is a charge controller specifically designed for these batteries. It's a XP-HV U-BMS (Battery Management System -High Voltage) charge controller, from the same manufacturer as batteries. This charge controller manages the temperature, voltage, current and charging status of each battery module.
D. Ultracapacitors
Ultracapacitors have the aim to stabilize the DC bus voltage, supply peak power demand in the electric motor start-up and store energy recovered from braking. The selected ultracapacitor is from Maxwell manufacturer, namely model BMOD0063 P125 B14. Its most important features are shown in Table VII . This module is specifically designed for heavy transport vehicles such as buses. This is a set of ultracapacitors with a total capacity of 63 F and 125 V nominal voltage. As the DC bus has a voltage of 400 V, 4 modules of ultracapacitors in series must be install to overcome the DC bus voltage. The capacity of all the ultracapacitor modules, connected in series, is 63/4 = 15.75 F.
E. Tank of hydrogen
In relation with hydrogen storage, a commercial tank from Dynetek Industries, specifically the ZM180 model, has been selected. The characteristics of the hydrogen tank are summarized in Table VIII . Considering the data obtained in the CUTE project [3], it is estimated that using 10 tanks, of 4.26 kg of hydrogen each of those tanks, a maximum autonomy of 400 km can be obtained. 
F. Electrolyzer
The electrolyzer device chosen for the design is from the Von Hoerner System GmbH German manufacturer and its characteristics are shown in Table 9 . As hydrogen generated must be stored at 350 bar, a compressor with an efficiency of about 80% must be implemented. 
G. Electronic converters
Buck, Boost and Buck-Boost power converters are used to adapt the different electrical signals to the fuel cell bus. Four DC/DC converters are needed:
1) The first converter is located between the fuel cell and the DC bus. It is necessary because the output voltage of the fuel cell varies between 721 V and 627 V. Is needed to reduce the voltage, therefore is used a buck converter type.
2) The second is located between the DC bus of 400 V and the electrolyzer, since the latter work at low voltage (50 V). As in the previous case, also a buck converter is used.
3) The third converter is located between the photovoltaic panels and the DC bus. This is a boost converter type to increase the output voltage of the photovoltaic generation system.
4)
The last converter is a bidirectional buck-boost, which manages power between the DC bus and the battery.
Regarding the proposed inverter for the bus design, it has to convert the 400 V DC bus voltage to 380 Vrms threephase AC voltage.
H. Electrical motor
In relation to the electric motors for bus traction, threephase synchronous motors with permanent magnets have been selected. These motors are 30% smaller and 10 to 15% more efficient than the equivalent induction motor. Figure 11 shows the cross section of a permanent magnet synchronous motor and Table X summarizes the most relevant characteristics of these motors. For the implementation on the bus 3 electric motors are used. One will be positioned transversely at the rear axle of the bus, while the other two will be on the front wheels. The distribution of power is 40 kW for each front wheel and 90 kW for the rear axle.
Conclusions
In the environment of clean urban transport, there are numerous proposals for analysis and research in different projects such, as CUTE, ECTOS, STEP, HyFLEET: CUTE, etc. In this context, this paper describes the analysis and design of the structure corresponding to an electric bus.
Currently, fuel cell buses have similar performance features to the internal combustion buses and even higher [3] . The main handicap of hydrogen buses is cost and lack of infrastructure for hydrogen generation and distribution.
The most expensive component of the system is the fuel cell, which represents around one third of the total value of the electric bus. However, the trend in the price of kWh of fuel cell is reduced each year, while the performance and efficiency of the same increases. In relation with this aspect, Figure 12 shows the modelled cost of an 80 kWnet PEM fuel cell system based on projection to high-volume manufacturing (500,000 units/year). Cost status is based on dollars in the year of the analysis [14] . Another aspect to consider is the life of the components of the bus. Manufacturer of the HD6™ fuel cell provides a guarantee of 12,000 hours or five years, doubling the warranty time of the previous fuel cell MK-902, for buses used in the CUTE project.
The fuel cell technology for electric traction is still not mature and advances in this technology are still going on. Therefore, the use of fuel cells with electrical support devices, such as batteries, can be considered a reliable, efficient and environmentally friendly replacement of fossil fuel-powered buses.
